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a)

Ternary polymer blends, comprising two homopolymers and the corresponding diblock copolymer,
have been examined by small-angle neutron scatté8AINS) and dynamic light scatterind@LS).

Two chemical systems have been employed: one consisting of polyethylethylene,
polydimethylsiloxane, and polgthylethylenes-dimethylsiloxang and another containing
polyethylenepropylene, polyethyleneoxide, and fetlyylenepropylené-ethylene oxidg The
molecular weights and compositions were chosen to emphasize the region of the phase prism
dominated by the bicontinuous microemulsi@wE) phase; the homopolymer molecular weights

and volume fractions were approximately equal. The SANS intensity was compared quantitatively
with the Teubner—Strey structure factor, and interpreted via the amphiphilicity fagtomhe
transition from a fully disordered mixture at higher temperatures to a well-develop&dupon

cooling did not correlate well with either the disorder lirfg € + 1) or the total monomer Lifshitz

line (f,=0). However, DLS provided a clear signature of this transition, via a distinct maximum in
the temperature dependence of the dynamic correlation length. We hypothesize that this maximum
is closely correlated to the homopolymer/homopolymer Lifshitz line. The structure of the interfaces
in the BuE was further examined in terms of the curvature and the copolymer coverage, as functions
of copolymer concentration and temperature. 2601 American Institute of Physics.

[DOI: 10.1063/1.1357800

I. INTRODUCTION over some temperature range, and mixtuftédends”) may
be stabilized by various kinds of copolynfeMost of the

Many applications of soft materials involve mixing oth- ordered and disordered phases identified in o/w/s systems
erwise incompatible molecules. Although a variety of equi-have also been observed in the polymeric analogs. Of par-
librium and nonequilibrium approaches are used to stabilizgicular interest in this work is the bicontinuous microemul-
mixtures, the use of surfactants is particularly important. Fosion (BxE).* A microemulsion is a structured fluid which is
example, in oil/water/surfactarib/w/s) systems, both ionic microscopically segregated but macroscopically disordered,
and nonionic amphiphiles are used to confer thermodynamigith a vanishing interfacial tension between domains. In the
stability.? These ternary or quaternary systems can form aj/w/s system, oil-rich and water-rich domains are separated
plethora of ordered and disordered morphologies which deby a surfactant-rich interface. In the ternary polymeric sys-
pend on,inter alia, concentration, temperature, interfacial tem, homopolymer-rich domains are separated by a block
tension, and molecular size. Ordered states, such as lamellagapolymer-rich interface. In addition to its potential techno-
hexagonally packed cylinders, and cubic phases form in sydegical applicability, the BE provides an interesting model
tems with strong amphiphilicity. As with most soft matter system with which the properties of low molecular weight
systems, there is a delicate balance between entropy and iand polymeric surfactants can be compared. In particular, the
terfacial energy that controls ordering and mixinghe in-  transition from a fully mixed, disordered phase to the struc-
teraction strength of the surfactant controls the degree ofured, but still disordered BE is challenging to describe
mixing, and thus it is important to quantify the amphiphilic- theoretically. On the experimental side, the thermodynamic
ity of the surfactant. Progress along these lines is impeded isharacter and signatures of this transition are not yet estab-
part by the strong, asymmetric, and temperature-dependelished.
interactions among the components. In this paper we present small angle neutron scattering

Different polymer are also generally immiscible, at least(SANS) and dynamic light scatterin¢DLS) measurements
on ternary polymer blends that exhibit theB phase. SANS
dpedicated to Professor Hans Sillescu on the occasion of his 65th birthdaJ:.)ermitS demarcation of the disorder line and the total mono-
b’Current address: Imation Corporation, Oakdale, Minnesota 55128. mer Lifshitz line in the disordered phase, using the micro-
9Also at: Institute of Macromolgcular Chemistry, Czech Academy of Sci- emulsion model deve|0ped by Teubner and SfrEylrther-
d’eATJ(;ﬁ; E)ral?wli)%géfri;;%lgzg should be addressed. Also at: Departmemore’ the amphlphthIty may be quamlfled as a fun.c.tlon of
of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455; temperature and composition. However, the transition be-
electronic mail: lodge@chem.umn.edu tween a fully mixed disordered phase and theBBis not
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clear. In contrast the DLS results, interpreted via a dynamic 180 ——r—1—+—r—1T———
correlation length, show a clear indication of the transition to [
BuE, and the location of the transition is not entirely consis- 140
tent with previous suggestions for o/w/s systems. The re- ] Disordered
mainder of the paper is organized as follows. First we review [
some of the experiments on polymeric and o/w/s microemul-
sions, and recall the predictions of the Teubner—Strey
model® Following Sec. Ill, we present our results on two
systems. The emphasis is on the structure factor obtained by
SANS, and on the dynamic correlation length obtained by I
DLS. The combination of these results leads to the conclu- 20 Lamellar 1,
sion that the transition to the B phase is best indicated by L BuUE—>:
the temperature dependence of the dynamic correlation ool
length, and we propose that it is the homopolymer/ 0 02 04 06 08 1
homopolymer Lifshitz line that comes closest to marking this ¢Hom0polymer

transition. In the final sections we analyze the structure of the

interfaces, and Systematic deviations from the TeubnerE!G. 1. Phase diagram along the isopleth for the PEE/PDMS/PEE-PDMS
Strey description, in more detail. ternary systentRef. 10.

II. BACKGROUND: BICONTINUOUS
MICROEMULSIONS lamellar and phase-separated regions meet at an unbinding

Bicontinuous microemulsion phaséBuE) are by now transition. Fluctuations, however, are expected to destroy the
well established in o/w/s systems, for both ionic and non-l-ifshitz point, and the experimental appearance of thé&eB
ionic surfactants and in the presence or absence of fourtfay be qualitatively understood in this lightt!®*" A first
components such as salt or cosurfactaits®They are char-  Step toward incorporation of fluctuation effects into the ter-
acterized by very small interfacial tensions and nearly zerdary phase prism has been reported by Kielhorn and
spontaneous curvature. They tend to exist over a rather naMuthukumar!* However, a full theoretical description of the
row range of temperature for a given composition, due to thdransition from disordered fluid to &ZE is not yet available.
asymmetric temperature dependence of the o/s and w/s intéronsequently, it is not immediately apparent what experi-
actions. More recently, the analogougB phase has been mental signatur@) are most useful or appropriate to mark
identified in four ternary polymer blends, containing ho- this boundary. To pursue this issue, it is instructive to recall
mopolymers A and B and an AB block copolynfef®in all ~ Some of the recent progress in o/w/s systems, and in particu-
four cases the systems were carefully constructed to be syrf@r the Teubner—Strey description.
metric in composition and to have experimentally accessible ~ Teubner and Strey presented a phenomenological theory
phase transition temperatures. In particular, the degrees &' the structure factor of a BE by an expansion of the
polymerizationN,~Ng, N g~5N, were chosen to place Landau free energy to second order in the order parameter,
the critical temperature of the binary blend and the order-¥. the concentration difference between components; only
disorder transition of the pure copolymer in a convenientVen order terms contribute due to symmétBecause of
range, and the copolymers were roughly symmetraiume the microdomain structure, gradient terms must be included.
fraction f ,~0.5). Under these conditions the phase diagramThe spontaneous creation of interface requires a negative co-
near the isoplethithe temperature/copolymer concentration efficient in the gradient squared term, and stability requires a
plane with homopolymer volume fractiomk, = ¢g) has the positive higher order term. The simplest free energy density
general form illustrated in Fig. 1. There are three broad refor this system is thus
gimes of behavior. At hi.gh temperatures a molecularly F=a,02+c;(VI¥)2+cy(V2W)2, 1)
mixed, disordered fluid exists for all copolymer concentra-
tions. At low temperatures this gives way to an ordered,This yields for the scattering intensity
lamellar phase for copolymer concentrations above 15%-—

20%, and to phase separati@wo or three phases coexist- (q)= 12 - @)
ing) at low copolymer concentrationdess than 10% In a+c,q°+cyq
between the lamellar phase and the phase-separated rediiRere the proportionality constant is absorbed into the free

there is a narrow channel of a disordered phase that has been - > .
characterized as g€ energy coefficients. Wheaj/(4a,c,)<1, the inverse Fou-

Mean-field theory often provides an excellent startingner transform ofl (q) yields the following correlation func-

point for describing the thermodynamics of polymer mix- tion:

tures, and this is the case for ternary blends. For the ternary d 21t

system just described, mean-field theory anticipates all of the  9(r)= 5—exi — f/§Ts]Si”( T) ()]
features of Fig. 1 except for thedlE 11~ Instead, the line of

order—disorder transitions meets the line of second-ordewhere the domain periodicity, and the correlation length,
critical points at an isotropic Lifshitz poidt*? and the £, are the two relevant static length scales:
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1/a,\? 1cq| ¥? found to occur neaf,~—0.33, i.e., closer to the Lifshitz
§15=| 5 o) tag, (4 line than to the disorder line. On this basis, Schuleeral.
did not suggest that a particular line was the dominant mi-
and croemulsion transition, but rather that these lines just sepa-
1lal2 1c-12 rated different strengths of microemulsion on the approach
de=oml =22 —-2 (5) toward the lamellar phasé.
2\c 4cy It is clearly of interest, therefore, to consider polymeric

BuEs in this context, and to see whether similar conclusions
can be drawn. In particular, how does the appearance of the
ME in the polymer case correlate with the amphiphilicity
ctor, and the disorder and Lifshitz lines? It is important to
note that in a ternary system there should be multiple Lif-

shitz and disorder lines in principté.In the o/w/s system
SANS typically distinguishes the deuterated water from the
other components and the measurégl) corresponds to the
water/water structure function. Further Lifshitz lines are de-

rmined by theépartial) structure functions corresponding to

e oil structure and to the structure of each component of
the amphiphile; incompressibility reduces the number of in-
dependent structure functions by one. The disorder lines cor-
responding to the different structure functions should be
degeneraté? In the polymer systems used here the A and B

homopolymers have the same isotopic compositions as the
corresponding blocks in the copolymer, and therefore SANS
reflects the total monomer A/monomer B structure function.

The functional form ofg(r) reflects two properties of BE:
alternating component-rich domains of average iz de-
scribed by the sinusoidal term, and short-range order amon
the domains over the correlation lengtfy, described by the
exponential term. Thus the three fitting coefficieras, ¢,
andc,, can be reformulated as the physically more transpar=
ent valueséts, d, and the susceptibility(0), which is in-
versely proportional t@,.

Strey et al’®2° have further classified the differently
structured fluids in the disordered phase of the o/w/s syste
by defining the amphiphilicity factoff,=c, /(4a,c,)?, and
extending the Teubner—Strey model over all ranges of am
phiphilicity. (We note that heré, is defined with respect to
the water/water structure functiorzor strong amphiphilicity
with f,<—1, the microemulsion phase is unstable with re-
spect to the lamellar phase. With sllghtly less amphiphilicity,
—1<f,<0, a strongly structured, “good” microemulsion
results (note that “amphiphilicity” increases ad, de-
creasep One distinguishing characteristic of a “good” mi-
croemulsion is the tendency to create interface due to a vany. EXPERIMENT
ishing or negative microscopic surface tension. ThISA Materials
corresponds to a negative valuemf(and thus negativé,).

This leads to a strong correlation between the interfaces, Two blend systems were studied. One, designated
which dominates the scattering and produces a peak at ‘&€ED,” comprises polyethylethylenéPEE), polydimethyl-
finite g*. A further decrease in amphiphilicity,<0f ,<1,  siloxane (PDMS), and the corresponding symmetric block
results in a “poor” microemulsion. Here, the correlation copolymer PEE—PDMS. All three components were synthe-
function g(r) is still oscillatory, but interfacial correlations sized anionically using standard procedures, producing low
no longer dominate the scattering and the structure factgoolydisperity samples M, /M,<1.1), as previously
peak occurs at zero wave vector. Finally, fge-1, the fluid ~ described. The PEE was prepared by first synthesizing po-
is unstructured and(r) is no longer oscillatory. The bound- lybutadiene(90% 1,2 and 10% 1,4 additipnfollowed by
aries between these classifications do not correspond to thezatalytic deuteration. The number average molecular
modynamic transitions, but are simply demarcations betweeweights,M,, as measured by NMR are 1770 for PEE, 2130
differently structured fluids. Théwater/watey Lifshitz line  for PDMs, and 10400 for PEE—PDMS. The composition of
(corresponding to the structure function usually measured bthe diblock is 48% PEE by volumécalculated from the
SANS is defined byc,=f;=0, and marks the boundary weight fraction assuming homopolymer densities of 0.883
between “good” and “poor” microemulsions. The disorder g/mL for PEE and 0.954 g/mL for PDMS, respectivly
line atf,=1 signifies the transition from correlated to non- Each mixture contains equal volumes of PEE and PDMS
correlated interfaces. These lines can be defined equivalentyomopolymer, and they are denoted according to the volume
via the two static length scalegg andd introduced previ-  percent of copolymer: 0%, 4.2%, 7.1%, 9.2%, 10%, 12%,
ously: At the Lifshitz line, 2ré;g/d=1, and at the disorder 15%, and 26.4%. We note that these mixtures deviate
line, 2mé+s/d=0. slightly from the critical compositions. The other system,

Schubertet al!® investigated the relationship between designed “PO,” comprises polgthylenepropylene(PEP,
the microemulsion transition and the previously defined linepolyethyleneoxidg PEO), and the corresponding symmetric
in waterh-alkaneC;E; nonionic surfactant mixtures. In par- block copolymer PEP—PEO. The PEP is actually squalane
ticular, they located the wetting/nonwetting transition, where(Aldrich), a saturated hydrocarbon with six pendant methyl
in a three-phase mixture the microemulsion phase eithegroups along the backbone, having a molecular weight of
wets, or does not wet, the oil-rich and water-rich phases423 g/mol. The PEO was purchased from Aldrich, and has
Theoretical work had suggested that this wetting transitiorM ,=500 g/mol withM,,/M,=1.1. The purification of PEP
was associated with the disorder line, and may be associateshd PEO was previously describé@he PEP—PEO copoly-
with a change in the fluid structure, and thus represent thener was synthesized according to the procedure of Hillmyer
primary demarcation between microemulsions and less struand Bate$? as previously describetiThe characteristics are
tured fluids? Experimentally, however, this transition was M,=3000,M,,/M,=1.2% and 50% PEP by volumeal-
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culated from the weight fraction assuming densities of 0.81 108
and 1.07 g/mL for PEP and PEO, respectiVelfhe two PO -
blends examined contained a 60:40 volume ratio of PEP to
PEO, and either 10% or 11% copolymer by volume.

102
B. Rheology &
Dynamic shear measurements on the 10% EED and 11% lD
PO blends were made on a Rheometrics DSR rheometer. The @] 10

sample chamber was maintained under nitrogen and the tem-
perature controlled to within=1°. Stress sweeps were per-
formed to establish that the measurements were made in the
linear viscoelastic regime. Frequency sweeps from 100 to

0.01 Hz were performed from 25 to 150 °C for EED, and the 100 e
dynamic viscosity,’, extrapolated to zero frequenémost
measurements were constant over this frequency jampe
shear viscosity thus obtained was fit to the Williams—
Landel—Ferry(WLF) equatior”® Values for the other mix-
tures were then estimated Iy assuming thaty~N using

the average\ for each mixturei.e., Rouse dynamié$, and

(i) using the same WLF coefficients as determined for the
10% mixture. For the 11% PO blend stress sweeps were
performed from 100 to 160 °C with shear rates from 1 to 100
s L the viscosities were then extrapolated to zero shear rate.
The viscosity of the 10% blend was estimated via the same
Rouse assumption.

102 e ey

10 )

M (Pas)
2
T
|

101 L .

C. Neutron scattering o[ . ]
10- LTI IR NS DU TSN EN U WO T R EE S

SANS measurements were performed on the 30 m 20 40 60 80 100 120 140 160
Exxon/Minnesota/NIST instrument at NIST(NG-7). T (°C)
Samples were contained in cells fashioned from two 1/16-in,

. . FIG. 2. Rheological measurements on EED blen@s. Dynamic shear
-thick quartz disks sealed around the edges. Measureme duli as a function of temperature for the 26.4% mixture. The order—

were taken with an incident wavelength,of 6 A (EED) or  disorder transition is indicated by the dashed lifi®. Zero-shear rate vis-
7 A (PO), a wavelength spread\\/\ of 11%, and sample- cosity as a function of temperature for the 10% mixture. The sample is

to-detector distances from 7 to 15 m. Intensities from a tWO_disordered throughout, and is a bicontinuous microemulsion at low tempera-
. . . ) tyres.

dimensional detector were azimuthally averaged, corrected

for background, transmission, empty cell and incoherent

scattering, and finally converted to absolute intendif@),  one-phase mixtures, most correlation functions were well de-
whereq=(47/\)sin(d/2) is the scattering vector, using ap- scribed by a single exponential relaxation, but evidence of

propriate standards. multiple modes was found in the bicontinuous microemul-
o . sions. We define a dynamic correlation length, by invok-
D. Dynamic light scattering ing the Kawasaki—Stokes equation:
DLS measurements were taken using either ari Ar kT
(488.0 nm or HeNe laser(632.8 nm, and either a F=Dq2=67m§ q°, (6)
d

Brookhaven Instruments BI-9000 or an ALV-5000 cor-
relator. EED mixtures were made by dissolving each poly-where % is the zero shear viscosity aridl is the measured
mer in pentane and filtering through a 0.4&n filter into  mutual diffusion coefficientfrom plots of " vs g?).
5-mm-o.d. glass tubes. After evaporating the pentane, the

glass tubes were vacuum sealed. PO samples were prepangd RESULTS AND DISCUSSION

by similar methods using methylene chloride as solvent. Th
sample was immersed in a bath of index-matching flgili
cone oi) with temperature controlled t0.1 °C. Measure- Rheology is a useful tool for locating phase transitions
ments were taken at angles from 30° to 150°, with the maer other macroscopic structural changes in polymer materi-
jority at 90°, for temperatures from 0 to 180 °C for EED andals. In Fig. 2a), the dynamic shear modul@’ andG") for
from 60 to 160 °C for PO. Autocorrelation functions of the the EED blend containing 26.4% copolymer measured at a
scattered light intensityg‘®)(q,t), were analyzed either by a fixed frequency of 40 rad/s are plotted as a function of tem-
nonlinear regularized inverse Laplace transformation algoperature. An order—disorder transitio®©@DT) occurs where
rithm, REPES?* giving a distribution of relaxation rateF, or  the behavior of the moduli abruptly chang@e dotted line

by fitting to a single exponential delay. In the disorderedin Fig. 2). The ODT is a first-order phase transition from the

%\. Rheology
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1200 sity, 1(q) (in absolute units, cm') versus scattering wave
[ vector, g. Recall that in this casd,(q) corresponds to the
1000} total monomer structure function, in contrast to the o/w/s
I system. Figure @) shows the scattering from the 10% blend
- 8o0r at 25°C, deep in the microemulsion channel. Characteristic
's [ microemulsion behavior is seen here, with one broad peak at
E e0or low g, and withl (q) falling off asq~* at higherqg. The curve
400 in Fig. 3(a) is a fit to the Teubner—Strey functigiq. (2)],
which describes the data well. FigurébBcompares (q) for
200 four samples, 9.2%, 10%, 12%, and 15%, taken at 90 °C. At
i this temperature, a range of behavior is seen. Although the
ol largeq scattering ¢>0.02 A1) is similar, the lowq behav-

0 0.01 . . 002 0.03 ior (q<0.02 A™%) is clearly different(note the logarithmic

) intensity scalg For the two blends with higher block co-
I e polymer concentrations, a peak at finités evident, whereas
10%L \ i for the two lower concentration samples the intensity contin-

ues to increase with decreasimg signifying a different
structure. Analogous SANS pattern for the PO system were
presented previousfy.
The Teubner—Strey fitting parametexs ¢4, andc, for
EED blends are shown in Figs(a} and 4b), respectively,
from room temperature up to 195°C, to distinguish these
four mixtures. The coefficiend, varies by three orders of
magnitude over this temperature range, and is plotted semi-
logarithmically in Fig. 4a). The 9.2% and 10% samples
100', ] show a minimum around 90 °C, whereas the 12% and 15%
0 001 002 003 004 005 samples increase monotonically with increasing temperature.
q(Ah The parametec, plotted in Fig. 4b), is most closely related
to the interfacial tension. The two lower block copolymer
FIG. 3. SANS intensity as a function of scattering vectgr,for EED concentration samples haeg<0 at low temperatures, and
blends: (a) 10% mixture at room temperature; the line is a fit to the itahity i _ o ;
Teubner(—)Strey modelp) measurement;J at 90 °C for the 9.2®), 10% E:OizrtTeelefshliz line :ﬁl—O)tarO;Jnd ?f? C'fV\;Irt]mlr??] at )
(W), 12%(#), and 15%(A) samples. g peratures. In contrast, neither of the higher con
centration samples cross the Lifshitz line, but remain in the

c,<0 regime. Since the block copolymer acts as a surfac-

disordered phase at high temperature to the lamellar phase @nt, increasing the block copolymer concentration should
low temperaturgthe anticipated narrow coexistence regiondecrease;, as observed. The behavior ©f, plotted in Fig.
is not resolvell The disordered phase exhibits liquidlike 4(C), is similar for all four samples, decreasing monotoni-
rheological propertiesG” is much larger tharG’, andG’  cally with increasing temperature.
decreases rapidly with increasing temperature. The lamellar In Fig. 5 the amphiphilicity factor as calculated from the
phase is more solidliké&lbeit a soft solitt G’ ~G”, and the  energy coefficients is plotted as a function of temperature,
moduli vary gradually with temperature. for the same four samples. The two lower block copolymer
In contrast, no phase transition is observed in the EE¥oncentration samples access a broad range of behavior,
sample with 10% copolymer, which was previously shown tocrossing both the Lifshitz and the disorder lines. Deep in the
exhibit BLE behaviof1° The temperature dependence of themicroemulsion channel, each mixture is a “good” micro-
zero shear viscosity of this 10% blend is shown in Fign)2 ~ €mulsion, i.e., as characterized by a large negativeAs
from deep in the microemulsion channel at room temperaturéémperatures increases the Lifshitz line is crossed at 72°C
to well above the microemulsion regime at high temperaturefor the 10% sample and 82 °C for the 9.2% sample, thereby
The sample consistently exhibits terminal flow behavior oveitransforming to “poor” microemulsions. Upon further in-
the entire temperature range examin&f: is much larger ~creases in temperature, both cross the disorder line, at 85°C
than G’, and is proportional to frequency. In addition, the for the 10% sample and 92°C for the 9.2% sample. With
temperature dependence fits well to the WLF equation. Thudurther increase in temperature for the 9.2% bleidpeaks,
although both lamellafot shown and BuE blends can ex- decreases, crosses below the disorder line at 113°C, and as-

hibit a strong scattering peak, their rheological properties argmptotes to a value of about 0.4 at high temperature. The
quite distinct. decreasing trend is due to a significant increasa,imather

than a decrease ity (cq is increasing throughout this tem-
perature rangeand thusf, is not approaching the Lifshitz
line at this temperature range. This result is in possible con-
Figure 3 displays typical SANS data for EED mixtures. flict with the results of Schwahat al,, who report a second
The structure functio®(q) is plotted as the scattering inten- crossing of the Lifshitz line at high temperature in the same

B. Neutron scattering
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FIG. 5. Amphiphilicity factor from SANS measurements as a function of
temperature for the 9.2%@), 10% (M), 12% (4 ), and 15%(A) samples.

to have almost no concentration dependence, but depends
strongly on temperaturei;g is unaffected by which region
of microemulsion behavior the mixture is ine., f,). Ap-
parently,é1s is determined mainly by the specific surfactant
throughc,, rather than by the fluid structure. In other words
because, reflects mainly the largg behavior(see the fol-
lowing), it is most closely related to the structure of the
interfaces. Thus the monotonic increaseef with decreas-
ing temperature indicates a progressive “stiffening” of the
interfaces. This conclusion will be supported by further
analysis in Sec. IVE.

The domain sized/2, which is defined only below the
disorder line, decreases slightly with increasing temperature
below the Lifshitz line, but diverges as the disorder line is
approachedevident in the 9.2% and 10% samples, Fig.
6(b)]. The divergence heralds the falling apart of thetB
whereas the slight increase with decreasing temperature be-
low 50 °C presumably is due to increased copolymer chain
stretching. In contrast g is insensitive to either the disorder
line or the Lifshitz line. Also in contrast térs, the domain
size decreases significantly with increasing block copolymer
concentration, as expected; the concentration of block co-
polymer should determine the amount of interface the fluid
can support. Similarlyéts/d increases with increasing co-
polymer concentration, as expected from the Teubner—Strey
model, and this increase is another characteristic common to
surfactant systems. Deep in theB channel, in the “good”
microemulsion regime, the domain size is well established
and largely independent of the magnitudef gf

The susceptibility[Fig. 6(c)] also shows a significant

systemt®1’ The higher concentration samples, in contrastdifference between the lower and higher block copolymer
remain in the “good” microemulsion regime throughout the concentration samples. At the lower concentrations, where
measured temperature range, with a steady increadg in the mixtures access the full range of amphiphilicityQ)

with increasing temperature. This increase is also mainly dupeaks at 95 °C for the 9.2% sample, and at 80 °C for the 10%
to a,. In general the approach to the Lifshitz line with tem- sample. For the higher concentration samplé8) decreases

perature is dominated by the interfacial tension;)(

continuously with increasing temperature. In the “good”

whereas the approach to the disorder line is dominated by thmicroemulsion regimel (0) increases with decreasing am-

susceptibility @,).

In Figs. 6a)—6(c) we show the static length scale&g
and d/2, and the susceptibility](q=0), respectively, as
functions of temperature. The correlation lengtly appears

phiphilicity (f, becoming more positiyefor the 9.2% and
10% samples, whereas the opposite trend occurs in the
“good” microemulsion regime for the higher concentration
samples. In the samples which cross the Lifshitz line with
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E -._.l' . for (a) the 0% (8), 4% (N), 7.1% (), 9.2 (W), 10% (@), 12% (4), and
[ - - 15% (A) EED samples antb) 10% (®) and 11%(1) PO samples. The 9.2
o~ 3 EED mixture has a phase-separated window surrounded by two microemul-
‘s 10°E S, ¢ = sion regions at low temperature. The curveglipare guides to the eye.
A te ]
—_ B A .
g : e 4 A A T . . . .
10" v, A Kawasaki—Stokes relatiofEg. (6)]. The resulting dynamic
3 A 3 . . .
3 A e ] correlation length¢,, diverges as the spinodal temperature
[ t e L] T, is approached. The nature of the divergence shows a
o l broad crossover from mean-field scaling far above the stabil-
MR PRI S S U T S W [ S S S . . B — . . .
100 5'0 oo 150 200 ity limit (&;~(L/Ts—L/T) ", with »=0.5) to Ising scaling
T (°C) (»=0.63 near toTs. The behavior of the dynamic correla-

tion length parallels that of the static correlation length,
FIG. 6. Teubner—Strey parameteta) correlation length(b) domain size,  obtained from th€Ornstein—Zernicke-typestructure factor.
and (c) susceptibility as a function of temperature for the 9.289, 10% We have previously shown that the PEE/PDMS binary blend
(W). 12%(#), and 15%(4) samples. shows behavior that is consistent with other, more detailed
reports*®

temperature there is a corresponding peak(), whereas With the addition of block copolymer to the binary blend

those that do not cross the Lifshitz line do not have this peakore complicated behavior may be expected. However, for
the relatively modest amounts of copolymer employed here,

we assume that the principal dynamic mode still reflects dy-
namics of A/B homopolymer concentration fluctuations, as
Dynamic light scattering is often used to probe the dy-mediated by the presence of copolymer. Figut& shows
namics of concentration fluctuations in complex fluid mix- &4 vs T for the 0%, 4.2%, 7.1%, 9.2%, 10%, 12%, and 15%
tures. In particular, the order parameter fluctuations in binarfeED samples over the accessible range of temperature. For
polymer blends in the one-phase region near the critical poirthe lowest three concentratior; diverges as the phase
have been studied in some defait?® The experimental in- boundary is approached. In these mixtures the correlation
tensity correlation functions are well described by a singlefunctions were well described by single exponential decays.
exponential decay, and the decay rate interpreted via thAs shown previously, the critical exponentapparently in-

C. Dynamic light scattering
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creases in magnitude with added copolymer from the Ising
result in the binary blendf this is consistent with the exten-
sive SANS results of Schwatet al*®*”on the same system.
Upon entering the microemulsion channel, however, the be-
havior of ¢4 changes abruptly. For the four higher concen-
trations &4 exhibits a clear maximum before decreasing as
temperature is further decreas€tihe gap in the data for the
9.2% sample represents a “reentrant” region of phase sepa-
ration, see Fig. 1.This maximum is arguably the most dis-
tinctive experimental indication of the formation of a bicon-
tinuous microemulsion. It occurs because the dynamics of
spontaneous concentration fluctuations are very sensitive to
the underlying fluid structure. On cooling from the fully dis-
ordered phase, the dynamic correlation length increases due
to the longer ranged, larger amplitude fluctuations, reminis-
cent of critical slowing down. However, the formation of the
microemulsion arrests the divergence. Similarly, on heating
from the fully formed microemulsion, the loosening of the
interfaces inferred from the parameters in Figs. 4 and 6 also
retards the relaxation of concentration fluctuations, leading
to an increase igy. The two competing trends result in the 250
peak in&y; the strong peak in the 9.2% and 10% samples is 300 b
also consistent with the corresponding peaks(). Impor- 250
tantly, the universality of the peak &, is demonstrated in
Fig. 7(b), where data for the two PO blends are shown. Al-

200
150 -

(s

though in this case the data are less plentiful, the existence of 100 - .
the peaks is clearly established. 50 - .

In many mixtures, such as binary polymer blends and ol Y T T TP TN T RPN T
semidilute polymer solutiong, follows closely the behavior o 1 2 3 4 5 6 7
of the static correlation length. This is not the case here; the 10'q” (am™)

behavior Offfd' in contrast to¢ys, changgs dramatIC§||y be- s g Angular dependence of the decay ratecorresponding to the
tween the high and low temperature regions of the disordereglimary mode for the 10% EED sample 8) 25 °C, (b) 45 °C, (c) 100 °C.
phase. In all four microemulsion-forming EED samplé&sis  The solid lines are obtained using the Teubner—Strey parameters calculated
small at high temperatures, grows as temperature decreas&8m SANS data.
peaks around 90 °C, and decreases with further decrease in
temperature. The height of the peak decreases with increas-
ing copolymer concentration, from20 nm for the 9.2% croemulsion structure will affect the collective diffusion con-
mixture to 3.5 nm for the 15% mixture, but the peak tem-stant by
perature remains approximately the same. This should be
contrasted with the monotonic temperature dependence of D(q)=D(0)| 1+
é1sin Fig. 6(a@). The same trends igy are seen for the two
PO blends in Fig. (b); the peak height decreases with in- where the coefficients involve the same parameters as the
creasing copolymer concentration, but the peak position restructure factor SANS fit. In Figs(8—8(c), we plotI of the
mains roughly independent of temperat(t85—140 °Q. main mode as a function af® for the 10% EED mixture at

In addition to the peak iréy, the transition to BRE  three different temperaturé€$00, 45, and 25 °C The former
behavior has two other signatures in the DLS properties. Afies above the maximum ify, but the latter two fall in the
noted previously, the correlation functions in the microemul-ByE regime. Forg-independent diffusive dynamics, the data
sion channel are not strictly single exponential decays, irshould follow a straight line, but the lower temperature re-
contrast to the higher temperature correlation functiSns. sults clearly have an additiongl dependence. The smooth
Specifically, they contain one or two low amplitude, fastercurves correspond to Eq7), using the values of the three
modes in addition to the main mode associated wifh  Teubner—Strey parameters extracted from fits to the SANS
These modes were tentatively attributed to copolymer or indata. The agreement is quite reasonable, although for the
terfacial undulation dynamic®, but further experiments to lowest temperature the DL§ dependence appears to be
characterize their origin more fully are beyond the scope oglightly stronger than anticipated on the basis of the structure
this work. The other, more conclusive effect is that the mairfactor fit. We therefore conclude that the DLS results de-
mode does not behave in a strictly diffusive manner in thevelop an additionaly dependence in accordance with the
microemulsion regime. The additiongldependence is a re- Teubner—Strey model only in the temperature range below
sult of theq dependence of the mutual diffusion coefficient. the maximum in&y, thereby supporting the inference that
For example, the Teubner—Strey model predicts that the mithis peak is a good indicator of the transition tuB In

Ci1 , C2 ,
azq azq : (7)
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— T ————————— from SANS are also shown, and the two techniques gives
3000 | (a) - satisfactory agreement.

2500

D. Revised phase diagrams

Figures 11a) and 11c) show modified phase diagrams
(temperature versus copolymer concentragtifun EED and
PO blends, respectively. The important new features for
EED, relative to the previous versi8i? are the addition of
the disorder line, the total monomer Lifshitz line, and points
denoting the maxima in the dynamic correlation length. The
two lines are drawn based on the amphiphilicity factor. For

2000

reh

1500

1000

500 - -

oWy v v example, the 12% and 15% samples are below the Lifshitz
0 2z 4 6 8 10 12 14 16 line (f,<0) for all measured temperatures; whereas the 10%
10°q” (am”) and 9.2% are above the Lifshitz line at high temperatures.
e S s e p i p The Lifshitz line is thus nearly temperature independeat,
12000 = 1) 1 vertical for concentrations between 10% and 12%. Simi-

larly, the 7.1% samples is above the disorder line as deter-
mined by SANS for all measured temperatures, whereas the
8000 9.2% sample is below the disorder line at high temperatures.
@ I ] Both lines are thus nearly temperature independent except in

J a small region around the mean-field-predicted Lifshitz

point. It is important to note that, at least in the polymeric
. case, neither the disorder line nor the total monomer Lifshitz

line is sufficient to demarcate the different microemulsion
7 phases. For example, a one-component disordered block co-
] polymer at high temperatures would be defined as a micro-

°0 > 4 6 8 10 12 14 emulsion because it lies beyond the disorder lie disor-

10°q” (nm™) der lines should be the same for the different structure

functions?). This structure clearly lies outside of the defini-

FIG. 9. Ang;'fé(\)rr ?heepizgegcg sogn:hlee 2:)0?17@??&”35?2"?&(?‘20%3 tion of microemulsion, however, and the scattering peak in
Iri)rzgagergf)lynomial fits f:om Whichpthe amphiphiiicity factor.is calculated. disordered block copolymers is due tO.the correlation hole
caused by the connectivity of the chains, rather than any

particular microemulsion structure. In contrast to previous

. . olwls studies®1%?we can thus rule out the disorder line as
Figs. 9a) and 9b) we show the same DLS quantity for the.a reliable demarcation line even for weak microemulsion

0 ° i
11% PO system at 117 and 145 °C, respeciively. However’_'gtructures. Instead, this line designates only increased am-

this case the smooth curves are direct fits to the data us'%iphilicity due to, e.g., higher surfactant concentration or

Eq. (7). There is considerably more curvature in the plot at, e temperature. The same reasoning implies that the total
the lower temperature, can|stent with the well-develope onomer Lifshitz line is also not a precise or particularly
BuE structure. The resulting parameter values are then ey microemulsion demarcation, and therefore neither are
ployed to calculate the gmphlphmcny factof,, as sh_own all Lifshitz lines demarcations for microemulsion phases.
versus temperature in Fig. 10. Three valued piobtained In contrast, thet, peak position line is nearly horizontal,

and thus uncorrelated with the SANS-measured disorder or
total monomer Lifshitz lines. 1€, were related to the total
monomer dynamics, we might expect the peak to correspond
to the total monomer Lifshitz line. However, because the
main decay mode changes continuously when block copoly-
mer is added to the binary blend, DLS appears to instead
probe homopolymer/homopolymeh/h) dynamics. (Addi-
tional small amplitude decay modes, which are probably as-
sociated with block copolymer and/or interface dynamics, do
o8 b i appear at lower temperatures as noted previou$lyus we
A © ] propose that the peak i) is correlated with the h/h Lifshitz
o8k m 4 line, and that therefore this feature may be the most useful
P S N S S S demarcation of RE behavior. This proposed correlation
100 110 120 130 140 150 160 170 cannot be established without additional SANS measure-
Temperature () ments on samples with different deuterium labeling. How-

FIG. 10. Amphiphilicity factor as a function of temperature for the 11% PO EVer, the hypOtheSi§ qraWS qualitative support from mean-
sample from both SANSE) and DLS(0). field theory on a similar ternary systefhWe present a
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160 e | s EREE reproduction of Holyst and Schick’s phase diagram in Fig.
11(b). Although they studied the specific case wilyg

=N, we anticipate that the relative positions of the disorder
and Lifshitz lines will be similar in our systemN\(z~5N).
In Fig. 11(b), the total monomer Lifshitz line is completely
vertical, whereas the h/h Lifshitz line is closer to horizontal.
In addition, all Lifshitz and disorder lines meet at the tricriti-
cal Lifshitz point. In our system, the disordered phase region
around this putative Lifshitz point appears to be expanded
due to the fluctuations. We note that the three experimentally
measured lines follow the mean-field theory very well quali-
tatively for the higher temperature regions, even appearing to
BUE converge to a single point. In the PO systethe results are
similar; in particular the peak igy provides a good indica-
tion of the transition to BE behavior. Interestingly, in this
system the RE channel is not vertical on this pl¢Fig.
11(c)], indicating an asymmetry in the temperature depen-
dence of the interactions among the components, whereas in
AANLEARMA AL AL AL L the EED case the channel is, as far as has been discerned so
Disorder , far, vertical. On the basis of these results, then, we propose
Line 71 that &, peak position follows the h/h Lifshitz line, and clearly

P ] delineates between a good microemulsion and an unstruc-
e . tured fluid.

140 Disordered

120

(@

100
80

T (°C)

60

LI T L L B Y

40

20 Lamellar

[ Total Monomer!
[ Lifshitz Line 1

E. Interfacial structure
Phase

F wh Separated The Teubner—Strey model for microemulsions is a
[ L}ff,?étz N A ] Ginzburg—Landau expansion with two gradient terms. Hence
>ty ngfgﬁll? ] one might not expect a good fit to the data at laggelues,
A 4 ] where local structural details become important. In fact, vari-
[ 7L : ous o/w/s systems are well described by the Teubner—Strey
” amellar 1 .
AT T T T A T P form even for reasonably large valuesfThis is a conse-
o quence of they~* decay characterizing systems with a large
homopolymer amount of interface. The model-independent relation by Po-

200 ) rod gives the expected larggbehavior?®
y lim 1(q)g*=2m(Ap)>S, (8)

q*)OO

h/h

180 -

160 !\ Disordered whereAp is the difference in scattering length densities and

Sis the microemulsion interfacial area per unit volume. At
large q the q~* term is dominant in the Teubner—Strey
model, which is consistent with Porod-type behavior.

To examine the large scattering behavior, we took
measurements using a sample-to-detector distance of 7 m.
Figure 12a) shows a measurement of the 9.2% sample taken
at 85 °C, and Fig. 1®) the 10% sample at 25 °C. The dashed
curves are fits to the Teubner—Strey form; the fits are excel-
lent at low g, but underestimate the data at high This
behavior was noted in other ternary polymeric systeass

Phomopotymer well as in some o/w/s system$The highq behavior could

be attributed to Gaussian coil scatterfii},but this explana-

FIG. 11. Phase diagrams along an isopleth including lines distinguishindiOn is specific to the polymer systems only and is not appli-
differently structured disordered phases as measured by SANS and#®LS. cable for the o/w/s case.
Experimental phase diagram for the EED system: The shorter-dashed lineis  The diffuseness of the interface may also affect the large
the disorder line and the longer-dashed line is the total monomer Lifshitz . behavi Tha * d d h
line. The error bars and hatched region correspond to the dynamic correl@ scattering behavior. 9 ) epenadence a;sumes S arp
tion length peak.(b) Theoretical mean-field phase diagram: an isotropic interfaces, whereas the experimental scattering density pro-
Lifshitz point exists at the intersection of the line of critical points, line of file may vary more smoothly. Strest al 32 ysed a Gaussian

order—disorder transitions, and the disorder line and Lifshitz l{Res. 12. : [, ; : s
(c) Experimental diagram for the PO systéRef. 9. The dashed line is the term tc|>t_rr|1<)_del ttt:ﬂs pi??_]v'o; ef(fjeCtl\{teAy E(B)ZE moﬁlfleg
total monomer Lifshitz line, and the hatched region represents the peak ipy multiplying the right-hand side with exp@t?), where

the dynamic correlation length. is a Gaussian width. This modification agrees well with some

-

-
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FIG. 13. Surface area per unit volume as a function of temperature for EED
rrrrrrrTTr et e e e e samples with 10%®), 12% (M), and 15%( 4 ) block copolymer.

] Teubner—Strey fits. The random wave model gives an im-
proved fit at largeg. The comparison is clearer in the case of
the 9.2% sample, where more data were collected at lqrge
The aforementioned correspondence of the fitting parameters
a andb to the Teubner—Strey parameters was found to be
valid for our system.
: The models discussed above can be used to obtain struc-
tural details such as surface area per unit volui®eand
interfacial curvature. EquatiofB) indicates thatS can be
calculated from the scattered intensity in the laggémit.
e Although we observe deviations froqi 4 decay at large,
RPN EPPEPES BRI EPEPE BN I there is an intermediate region where Porod-type behavior is
0.000 0.005 0.010 0.015 0.020 0.025 observed. Hence a rough estimateSafan be obtained using
q (AM) Eq. (8). Figure 13 shows the results for the EED system. The
surface area per unit volume is a weak function of tempera-
FIG. 12. Comparison of three-parameter(§iolid line) and Teubner—Strey  ture, but strongly increases with copolymer volume fraction.
fit (dashed lingfor (a) 9.2% EED sample at 85 °@b) 10% EED sample at  Thjs is consistent with the behavior of the domain spacing
25°C. d/2 shown in Fig. @); the increase irSis coincident with
the decrease id.
Theoretical models for bicontinuous microemulsions re-

o/w/s BuE and w/s sponge phas&sHowever the diffuse late § to the total interfacial area per unit volume as

1

10 F

interface model does not explain the observations in the cur-
. . . adids
rent system, as the Gaussian convolution correction would &= S 9
lead to a steeper decay than that predicted by Teubner—Strey
model. where ¢; is the volume fraction of componentanda is a

There are other models available for describing thetopological parameter calculated to be between 4 and 6. The
structure factor of the microemulsions. Chen andTeubner—Strey model, for example, gives4. Sottmann
co-workers®3334have applied a random wave model, which et al*” have foundérs~drg/2 for a wide range of o/w/s
incorporates the random wave description of Gahand  mixtures, and thus identif in Eq. (9) with either &g or
Berk3® Three fitting parameters, b, andc are involved. drg/2. They have also measured the value7.16 for these
The first two parameters are directly relateditand¢ of the  mixtures at the “fish tail” point(i.e., the boundary between
Teubner—Strey fit, as~2#x/d andb~1/¢. The third param- microemulsion and multiphase equilibria on the temperature/
eter gives a measure of the “persistence length” of the in-amphiphile concentration pf&h.
terface, i.e., as t/ The mathematics of the model are omit- In our polymeric system, in general;g is not equal to
ted here as they are complicated; they are available in thd;¢/2, but the values are closest deep in the microemulsion
original referenced®** We applied this three-parameter channel. Cheret al2® have reported thag;s/d+s is a mea-
model to fit our data on the EED samples. Figure@lland sure of the domain size polydispersity: the smaller the ratio,
12(b) show the fits using this model as compared to thethe larger the polydispersity. Hence the difference between
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e e e LI B i . V. SUMMARY
4 [ ]
254 *---. ey ] We have investigated the static and dynamic behavior of
- - INS 1 g the disordered phase in two ternary polymer blend systems.
‘3< -3.01 b 73 < A low temperature channel of polymeric bicontinuous micro-
5_3'5_ Nj’; emulsion(BuE) is found in each case. The SANS measure-
v N A v ments are interpreted via the Teubner—Strey structure factor,
= \‘\ 12 99_ and it describes the disordered phase structures well, with
] some systematic deviations at highSANS measurements
451w i Ve 1, indicate that the disorder line and the total monomer Lifshitz
] o > . line are vertical except over a small temperature interval near
'5‘0'_ ] the opening of the BE channel. DLS results show that the
P T S S S SR SR P dynamic correlation length increases in size in the disordered
20 3 40 50 &0 . 70 80 90 phase with decreasing temperature, peaks at the onset of the
Temperature ('C) BuE phase, and decreases with further increasing tempera-

FIG. 14. Gaussian curvatuti<) (@) and mean square curvatu?) (m) ture. This dynamic signature of the poorly structured to good
calculated from the three-parameter model for the EED sample, as a fundliCroemulsion transition appears to be the clearest demarca-
tion of temperature. tion of the onset of BRE behavior. Furthermore, the transi-
tion is apparently most strongly correlated with the
homopolymer/homopolymer Lifshitz line, but this inference
could be tested with different deuterium-labeling schemes. In
i contrast to oil/water/surfactant systems, the disorder line and
¢rs and drg/2 can probably be attributed to a much larger o) monomer Lifshitz line do not signify different micro-

domain size polydispersity in the polymepB than in the  gmyision structures, but instead simply signify regions of
typical o/w/s systems. We use E@8) to calculate S varying amphiphilicity.

=0.032 nm! for the 10% mixture at room temperature.
From Eq.(9), we then calculate a value of of either 4.9 or
5.8 from & equal toérg or drg/2, respectively. These values ACKNOWLEDGMENTS
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